2-Hexyl-5-propylresorcinol is the predominant analog of several dialkylresorcinols produced by Pseudomonas aurantiaca (Pseudomonas fluorescens BL915). We isolated and characterized three biosynthetic genes that encode an acyl carrier protein, a ␤-ketoacyl-acyl carrier protein synthase III, and a protein of unknown function, all of which collectively allow heterologous production of 2-hexyl-5-propylresorcinol in Escherichia coli. Two regulatory genes exhibiting similarity to members of the AraC family of transcriptional regulators are also present in the identified gene cluster. Based on the deduced functions of the proteins encoded by the gene cluster and the observed incorporation of labeled carbons from octanoic acid into 2-hexyl-5-propylresorcinol, we propose that dialkylresorcinols are derived from medium-chain-length fatty acids by an unusual head-tohead condensation of ␤-ketoacyl thioester intermediates. Genomic evidence suggests that there is a similar pathway for the biosynthesis of the flexirubin-type pigments in certain bacteria belonging to the order Cytophagales.
The fluorescent pseudomonads produce a variety of biologically active natural products (14, 38) , many of which have an ecological function in these gram-negative bacteria. Some of these natural products contribute to the suppression of plantpathogenic fungi (20, 49, 50) , whereas others are important virulence factors of certain plant-pathogenic Pseudomonas species (12) . Because secondary metabolism significantly contributes to the molecular ecology of various Pseudomonas species and has also provided lead compounds for crop protection applications, several gene clusters that encode secondary metabolic pathways in this genus have been sequenced and characterized. Despite the structural simplicity of many Pseudomonas secondary metabolites, both the gene clusters and the metabolic pathways for the biosynthesis of these compounds often reveal surprising sophistication and divergence compared to the model systems studied in the gram-positive actinomycetes (13) . For example, some Pseudomonas biosynthetic pathways have functionally combined modular, dissociated, or chalcone synthase-like polyketide synthases with adenylating enzymes (pyoluteorin, mupirocin, coronatine) or with components of fatty acid synthases (2,4-diacetylphloroglucinol) (13) . Other Pseudomonas pathways are composed of enzymes that rearrange and modify primary metabolic products to produce secondary metabolites (pyrrolnitrin, phenazine 1-carboxylic acid). Thus, Pseudomonas natural product research provides an opportunity to study not only the ecological function of secondary metabolism but also the potential diversity found in secondary metabolic pathways. In the study described here we further illustrated the metabolic versatility of the pseudomonads by characterizing the biosynthetic pathway and gene cluster responsible for dialkylresorcinol production in Pseudomonas aurantiaca (previously identified as Pseudomonas fluorescens BL915).
A systematic antifungal screening program of the Syngenta natural products research group in Switzerland previously demonstrated that P. aurantiaca produces various antifungal compounds, including 2-hexyl-5-propyl-alkylresorcinol (HPR). HPR was first isolated from an unidentified Pseudomonas species in 1975 and was reported to possess moderate antifungal and antibacterial properties (31, 35) . Later studies described an HPR analog, resorstatin, and demonstrated that both compounds can act as free radical scavengers to protect against superoxide-induced tissue damage (32) .
Concurrent with the initial discovery of HPR, several polyene metabolites that are collectively referred to as flexirubins were shown to possess the generalized 2,5-dialkylresorcinol (DAR) structure present as an aromatic ester, a moiety that is, in effect, an HPR analog (6) (7) (8) . The major structural variations in the flexirubins are due to the alkyl substituents of this DAR moiety, which sometimes have terminally branched alkyl chains (1, 4) . The flexirubins are characteristic taxonomic markers for certain Cytophaga, Flexibacter, and Flavobacterium species (5, 43, 44) .
In an interesting series of publications, two groups of workers have described various biosynthetic studies of both the flexirubin DAR moiety and HPR (Fig. 1) . Achenbach et al. initially described incorporation of radiolabeled acetate into the DAR moiety and speculated about the possibility that orsellinic acid is a DAR precursor (2). Sankawa et al. subsequently demonstrated incorporation of [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]acetate into HPR and, based on the observed labeling pattern, proposed that HPR arises by an unusual head-to-head condensation of two polyketide chains (45) . Shortly thereafter, Achenbach et al. reported identical 13 C-labeling patterns in the flexirubin DAR moiety (3); however, they also presented further evidence obtained from in vivo competitive labeling studies that is consistent with the hypothesis that orsellinic acid is a direct precursor of the DAR moiety. In addition, orsellinic acid was detected in culture extracts by isotope dilution techniques, further strengthening arguments that it is involved as a pathway precursor.
The formation of the 2-acylresorcinol ring of the phytotoxic and antifungal Pseudomonas metabolite pyoluteorin (48) has been elucidated previously. The pattern of [1,2-13 C 2 ]acetate incorporation (18) and the deduced functions of the genes in the cloned biosynthetic gene cluster (40) demonstrated that the resorcinol moiety of pyoluteorin is assembled by a type I polyketide synthase that uses a proline-derived pyrrole ring as the starter unit. Despite the incorporation of acetate into the resorcinol moieties of both HPR and pyoluteorin, the resultant labeling patterns were found to be distinct ( Fig. 1) , making it unlikely that the biosynthetic pathways are analogous.
In the present study, we obtained nucleotide sequence and precursor incorporation data suggesting that the DAR moiety in HPR produced by P. aurantiaca is neither derived directly from orsellinic acid nor assembled from polyketide precursors. Instead, it is formed by a novel head-to-head condensation of two fatty acid-derived precursors. Furthermore, in this paper we present genomic evidence suggesting that there is a homologous biosynthetic pathway for the flexirubin DAR moiety. More importantly, however, we believe that the results of this study further develop our view of Pseudomonas secondary metabolism and the ingenuity of this genus in exploiting the aldol condensation as a means of natural product biosynthesis.
MATERIALS AND METHODS
Bacterial strains. Escherichia coli DH5␣ and DH10B were used for routine cloning. P. aurantiaca strain BL915 (ϭ ATCC 55169) was used as the HPR producer strain. E. coli S17-1 was used as a donor host for introducing plasmids into Pseudomonas by conjugation (47) . The different plasmids used in this study are listed in Table 1 .
Mutagenesis and cloning of the dar (dialkylresorcinol) gene cluster. Transposon mutagenesis of P. aurantiaca strain BL915 was achieved by using plasmid pCIB116 (36) that contained a modified Tn5 element as described by Lam and Torkewitz (37) . Mutants were screened for altered antifungal activity by surveying in vitro inhibition of Neurospora crassa (37) . Mutants with changed antifungal activity were screened for the production of several antifungal compounds, including pyrrolnitrin, HPR, chitinase, and HCN. The Tn5-generated mutation in strain 2215 that confers an HPR-deficient phenotype was then complemented by shuttling a BL915 cosmid library, made up in pHC79 (29) , into strain 2215.
The Tn5 element with flanking chromosomal DNA was rescued from strain 2215 by in vivo marker exchange between the complementing cosmid, pBL3610, and the chromosome of strain 2215. Cosmid pBL3610 was conjugated into mutant 2215, and after a period of growth, it was transferred back into E. coli DH10B by conjugation. Exconjugants were subsequently selected for kanamycin resistance. Thus, the Tn5 insertion in mutant strain 2215 was transferred by homologous recombination into cosmid pBL3610, yielding cosmid pBL3610Tn.
To define the site of the Tn5 insertion, EcoRI fragments of pBL3610Tn were subcloned in E. coli, and each clone was tested for its ability to impart kanamycin resistance. The sequence of the region flanking the insertion was generated by using DNA sequencing primers directed outward from the ends of the Tn5 element. Heterologous expression was also used to further characterize the DAR biosynthetic gene cluster by subcloning BglII fragments derived from pBL3610 into an E. coli host strain expressing the Pseudomonas pleiotropic response regulator gac*3 (24) . pB3, containing an 11.3-kb BglII fragment derived from pBL3610, was capable of transferring HPR production to E. coli. Although a functional gac3 allele is strictly required for production of DAR in Pseudomonas, the presence of the gac*3 gene in E. coli hosts was later proven not to be necessary for heterologous production of DAR.
DNA and protein sequence analysis. DNA sequence analysis was performed by using the dideoxynucleotide chain termination method with Applied Biosystems model 377 sequencers. Primer sites in the double-stranded, 11,269-bp cloned BglII DNA fragment were introduced by using an EZ::TN ϽTet-1Ͼ transposon insertion kit (Epicentre, Madison, Wis.). The results of the individual DNA sequencing runs were assembled by using the PHRED, PHRAP, and CONSED programs (22, 23, 26) . The University of Wisconsin Genetics Computer Group programs (19) were used for sequence analysis. The codon frequency table used for CodonPreference analysis was generated from coding regions of the 16S rRNA of P. aurantiaca (GenBank accession no. AB021412) and both the hydrogen cyanide synthase cluster and the mannitol operon of P. fluorescens (GenBank accession no. AF053760 and AF007800, respectively).
Deduced protein sequences encoded by the open reading frames (ORFs) identified in the dar cluster were compared to the GenBank database sequences maintained by the National Center for Biotechnology Information (National Institutes of Health, Bethesda, Md.) with the BLAST algorithm and the standard parameters of Altschul et al. (9) .
Production and isolation of HPR. HPR was routinely produced by either P. aurantiaca BL915 or E. coli DH10B carrying an appropriate plasmid in 15-ml cultures in Luria-Bertani medium containing the appropriate antibiotics in 125-ml baffled flasks. The cultures were incubated at 37 and 28°C for E. coli and P. aurantiaca BL915, respectively. HPR was extracted into 10 ml of ethyl acetate and dried under a vacuum. For high-performance liquid chromatography (HPLC) or thin-layer chromatography (TLC) analysis, a sample was dissolved in a minimal volume of methanol and analyzed under conditions described below. For isolation of pure HPR, a sample was dissolved in ethyl acetate, adsorbed on a small quantity of silica gel, and separated on a flash silica column eluted with a mixture containing 92% hexane and 8% ethyl acetate. The purified HPR was crystallized from hot hexane. The 1 H and 13 C nuclear magnetic resonance (NMR) spectra for the purified HPR were identical to the previously reported data (31, 35, 45) .
HPR analysis by HPLC, TLC, or GC-MS. HPR was detected by HPLC on a CC125/4 Kromasil 100-5 C 18 column (Macherey-Nagel Inc., Easton, Pa.) by using the following gradient at a rate of 1. ]octanoic acid (132 mg in 5 ml of 5% NaHCO 3 ; Cambridge Isotope Laboratories, Andover, Mass.) was added to each of the flasks. The cultures were grown for an additional 9 h, and another 500 l of a suspension of [1,2,3,4-13 C 4 ]octanoic acid (125 mg in 5 ml 5% NaHCO 3 ) was added to each flask. To limit degradation of the labeled compound, 800 l of a 250 mM 3-mercaptopropionate solution (Sigma) was also added to each of the flasks at the same time (39) . The cultures were grown for a total of 22 h at 28°C, and each entire culture was extracted twice with 500 ml of ethyl acetate. The organic layer was dried over anhydrous MgSO 4 and evaporated to dryness. HPR was isolated with a flash silica column by using the protocol described above (yield, 5.5 mg), dissolved in CDCl 3 , and analyzed by standard 1D- 13 C and 2D-INADEQUATE NMR. Nucleotide sequence accession number. The annotated nucleotide sequence of the dar gene cluster and the surrounding region has been deposited in the National Center for Biotechnology Information GenBank database under accession number AY135187.
RESULTS
Mutagenesis and cloning of the dar gene cluster. Transposon mutagenesis of P. aurantiaca strain BL915 was carried out by using a modified Tn5 element as described in Materials and Methods. A single mutant that failed to produce HPR (strain 2215) was identified. The HPR-deficient phenotype of mutant 2215 was complemented by conjugating a cosmid library of strain BL915 genomic DNA into the mutant strain. One cosmid clone, pBL3610, was found to be capable of restoring HPR production in strain 2215. Subcloning different restriction fragments of pBL3610 resulted in identification of an 11.3-kb BglII fragment (cloned as pB3) that was sufficient to direct HPR production in E. coli as a host, suggesting that it contained the biosynthetic gene cluster necessary for HPR production.
Sequence analysis of the dar gene cluster and flanking regions. We defined 12 ORFs within the sequenced 11.3-kb DNA fragment containing the dar gene cluster ( Fig. 2A) . All of the ORFs identified exhibited a GϩC bias in the third codon position ranging from 75 to 85%. Putative ribosome binding sites were identified for orf1, orf3, orf5, and orf11 based on the presence of at least four of the eight nucleotide bases of the AAGGAGGT consensus sequence approximately 8 to 12 bases upstream of the identified start codon. Less convincing ribosome binding sites, comprised of a purine-rich region extending as far as 17 bases upstream from the initiation codon, were identified for orf2, orf9, orf10, and orf13. Only 7 bp separate orf1 and orf2, and less than 50 bp separate orf11, orf12, and orf13; it is possible, therefore, that these ORFs are translationally coupled. From the sequence analysis, we could not justify the translation of either orf4 or orf7, neither of which appeared to possess any pretense of a ribosome binding site or to be organized in a manner that would allow translational coupling.
BLAST search analysis revealed homologous proteins for all but three of the predicted peptides encoded by the ORFs identified. Although the peptides encoded by orf8 and orf9 have database homologs, no putative functions have been described for any of the database sequences. The BLAST results are summarized in Table 2 , but only those genes functionally demonstrated to play a role in HPR biosynthesis are described here in detail.
(i) Biosynthetic enzymes. The predicted protein encoded by orf3 exhibits high levels of similarity to many acyl carrier proteins (ACPs). A PROFILESCAN analysis identified the diagnostic motif LGxDS 33 amino acids from the N terminus, which contains the invariant Ser residue required for covalent binding of the 4Ј-phosphopantetheine cofactor required for ACP function (17) . An alternative start codon is present 6 bp upstream from the putative start codon; however, a ribosome binding site could not be identified to support translation from the alternative start site. Furthermore, alignment of the orf3 protein sequence with database sequences suggested that protein synthesis initiates from the assigned start codon. The orf3 coding sequence was designated darC (Fig. 2A) .
BLAST search results identified the orf2-encoded protein as a homolog of 3-ketoacyl-ACP synthase III (KAS III) enzymes, which are collectively represented by the E. coli FabH protein.
Multiple-sequence alignment with other FabH proteins identified several conserved residues in the deduced Orf2 protein (Fig. 2B) . These residues include the catalytic nucleophile Cys112 (E. coli FabH numbering); the general base His244, which also binds the carbonyl oxygen of the malonyl-ACP extender unit; Asn274, which promotes the decarboxylation of malonyl-CoA via stabilization of the enol intermediate; Gly306, which stabilizes the oxyanion; and Arg42, which takes part in maintaining the structural integrity of the ligand binding domain (28) . Residues that are implicated in interactions either with the pantheteine arm of the holo-ACP (i.e., Asn247, Gly209, Ile156, Met207, Val212, Phe213, and Ile250) or with the adenine ring of the coenzyme A (CoA) (Trp32 and Arg151) are not conserved. In addition, of the residues that are known to form the active site hydrophobic pocket of E. coli FabH (Leu142, Phe157, Leu189, Leu205, and Phe87Ј), only Leu142 is conserved in the orf2 protein. Most interestingly, the Orf2 protein also contains seven sequence insertions that vary from 3 to 19 amino acids long and are distributed along the entire peptide (Fig. 2B) . The orf2 coding sequence was designated darB (Fig. 2A) .
The protein encoded by orf1 had no related sequences in the National Center for Biotechnology Information protein database but did exhibit 32% identity to a hypothetical protein encoded in the Cytophaga hutchinsonii genome. The uncharacterized Cytophaga gene is adjacent to another gene encoding a KAS III homolog that is very similar to darB (BLAST expect value, 3e-99; high-scoring segment pair, 381 amino acids), suggesting that a dar-like pathway exists in this bacterium. Other computational methods failed to reveal any recognizable sequence motifs; thus, no putative function could be assigned to this deduced protein based solely on sequence analysis. Nevertheless, functional analysis of orf1 demonstrated that it is required for HPR production (see below). Therefore, the orf1 coding sequence was designated darA (Fig. 2A) .
(ii) Regulatory proteins and promoter region. BLAST searches for the deduced proteins encoded by both orf4 and orf5 suggested that these proteins are members of the AraC/ XylS family of transcriptional regulators. Analysis of the orf4 protein with HTHScan identified two helix-turn-helix (HTH) domains, one between amino acids 238 and 257 (score, 22.0; probability, 6.5E-6) and the other between amino acids 303 and 322 (score, 9.2; probability, 4.5E-3). Furthermore, this protein also contains 16 of the 19 amino acid residues that are highly conserved in the HTH region of AraC/XylS proteins (21, 51) . Although the peptide sequences encoded by orf5 and orf4 exhibit 41% identity over the first 188 amino acid residues, the coding region of orf5 is 306 bp shorter than that of orf4 and does not contain the AraC/XylS-type HTH domains. Conceptual translations downstream of orf5 for each possible reading frame eliminated the possibility that a sequencing error or a recent mutation prematurely truncated the gene sequence. These observations suggest that both orf4 and orf5 might be involved in transcriptional regulation of the dar cluster; however, it is likely that only the orf4-encoded protein is capable of directly binding to a promoter region. The coding sequences of orf4 and orf5 were designated darR and darS, respectively ( Fig.  2A) .
Identification of a putative transcriptional regulatory protein prompted us to search for promoter elements that might be targeted by DarR. Promoters regulated by AraC/XylS proteins like DarR generally contain tandem repeat sequences (21, 51) , although there is no conserved motif among the repeat sequences. There is an 859-bp region between darA and orf13 that has a significantly lower GϩC content than the entire dar cluster (51 versus 64%), suggesting that it possesses promoter activity. We identified a region 553 to 491 bp upstream from the darA start codon that has a high degree of repeat character and may serve as the target for the inferred DNA binding activity of DarR.
Heterologous expression and functional analysis in E. coli. It was observed early during the course of this work that HPR was produced by E. coli strains containing the dar gene cluster. We therefore initially characterized gene function through heterologous expression in E. coli. Chemical analysis of culture extracts by either TLC or HPLC revealed that pPEH148, which contains only darA, darB, and darC, conferred HPR production on E. coli hosts. HPR was not produced, however, by strains containing a kanamycin resistance marker disrupting either darA (pPEH143) or darB (pPEH144). Furthermore, P tac -driven expression of neither darA (pPEH161) nor darB (pPEH162) nor darC (pPEH163) was sufficient for HPR production in E. coli. However, plasmid pBT3028, which contains only darA and darB, conferred some HPR production in the heterologous host. These results indicate that both darA and darB are necessary for heterologous production of HPR but that a native E. coli protein(s) may complement the function of DarC. Indeed, the E. coli fatty acid synthase (FAS) ACP has been shown to be capable of interacting with FAS components from Bacillus subtilis, Streptomyces collinus, and even avocado (27) and also with the type II polyketide synthase (PKS)-associated KAS III homolog DpsC (11) .
HPR production in E. coli strains carrying plasmid pPEH145, which contains darR and darS in addition to darABC, was approximately 3.5-fold greater than HPR production in strains with pPEH148 (containing only darABC). This observation is consistent with the predicted regulatory function of DarR and/or DarS. The level of HPR production by a darR-disrupted strain (pPEH140) was indistinguishable from a The expect value describes the probability of a random match as a function of database size. b A high-scoring segment pair (HSP) is defined within the BLAST algorithm as one query sequence and one database sequence fragment of equal length whose alignment is locally maximal and for which the alignment score meets or exceeds a threshold or cutoff score.
that observed with cultures of a darABC strain (pPEH148). Surprisingly, HPR production by the strain with the darABC(⌬S)R plasmid pRB1068 was only about 1.7-fold greater than HPR production by the darABC strain. Therefore, it appears that DarR is able to increase HPR production on its own but that both DarS and DarR are required for maximal HPR production in E. coli.
Functional analysis of the dar cluster in P. aurantiaca BL915. To assess gene functions in the native host, each identified dar gene either was deleted completely or had an inframe deletion constructed in the coding sequence. The resulting constructs were subsequently used to replace the native coding sequence by homologous recombination in the BL915 chromosome. HPR production was completely eliminated by disruption of either darA or darB but could be fully restored by P tac -mediated expression of the corresponding gene (Fig. 3) . A ⌬darC strain, however, still produced HPR, although at a much lower level than the wild type. Surprisingly, complementation of the darC deletion could only partially restore HPR production. These results demonstrate that there is a requirement for both darA and darB for HPR production and also suggest that the function of darC can be replaced by one or more endogenous proteins in Pseudomonas, mirroring the results described above for the heterologous production of HPR in E. coli with darA, darB, and darC.
Deletion analysis of darS and darR was also performed by constructing markerless gene replacements of each coding sequence and analyzing the production of HPR in culture extracts. Deletion of either darS or darR resulted in an approximately 50% reduction in the HPR titer compared to that in the wild-type strain.
Incorporation of octanoic acid into HPR. Previous labeling studies suggested that HPR is formed by the head-to-head condensation of two polyketide chains (45) . The presence of a KAS III homolog in the dar cluster indicated, however, that HPR is assembled by a modified fatty acid synthase, an explanation that can also be reconciled with the incorporation data. To establish whether HPR is biosynthesized de novo from acetyl-CoA or whether medium-chain-length fatty acids from primary metabolism are used as intermediates in this pathway, [1,2,3,4-13 C 4 ]octanoic acid was added to actively growing cultures of P. aurantiaca BL915, and HPR was isolated and analyzed by 13 C NMR. The existence of adjacent labeled nuclei was demonstrated by complex splitting patterns within the proton-decoupled 13 C NMR spectrum (Fig. 4A) . A 33-Hz coupling between carbon resonances at ␦ 29.2 (d) and 20.6 (dd) ppm was evidence that there was labeling at the C-1Ј and C-2Ј positions of the hexyl side chain. The resonance at ␦ 20.6 ppm was further split into two signals with a coupling constant of 43 Hz, which correlated with a second 43-Hz coupling observed in the C-2 alkyl-substituted carbon resonance at ␦ 112.5 (dd) ppm. These observed couplings established that at least three contiguous carbons from the labeled octanoic acid were incorporated into HPR.
Additional couplings were also observed among the aromatic resonances at ␦ 154.3, 112.5, and 108.1 ppm. It was not possible, however, to definitively assign the labeled carbons due to the symmetry of the resorcinol ring and the resulting overlap of the carbon resonances. Nevertheless, the complexity of the splitting patterns suggested that a population of isotopomers existed in which both the C-1OC-2 and C-3OC-4 centers were labeled. GC-MS analysis identified molecular ions for MHϩ2, MHϩ4, and MHϩ6 isotopomers (m/z 239, 241, and 243, respectively) (Fig. 4B) , demonstrating that there was incorporation of up to six 13 C nuclei within a single molecule. Furthermore, loss of a C 5 H 11 fragment from the hexyl side chain resulted in a prominent daughter ion of m/z 165 and the corresponding isotopomer ions of MHϩ3 and MHϩ5. This result indicates that one of the 13 C labels in the C 5 H 11 fragment was lost and that the remaining fragment ion contained label at either three or five distinct positions. We therefore concluded that both the C-1OC-2 and the C-3OC-4 positions within the ring were labeled by incorporation of octanoic acid into HPR. The observed labeling of the C-1OC-2OC-1ЈOC-2Ј fragment suggests that there was direct incorporation of octanoic acid into HPR. In contrast, labeling of the C-3OC-4 fragment can be explained by the ␤-oxidation of octanoic acid, followed by incorporation of a labeled hexanoic acid derivative.
DISCUSSION
We cloned and characterized the biosynthetic gene cluster for HPR biosynthesis in P. aurantiaca BL915 and identified three biosynthetic genes that are sufficient for heterologous production of HPR. These genes encode a ␤-ketoacyl-ACP synthase III homolog and a novel protein with no functionally characterized homolog in the data banks, both of which are necessary for HPR production, and an ACP, whose function can be at least partially supplemented by endogenous proteins both in Pseudomonas and in E. coli. Based on biosynthetic incorporation studies, Sankawa et al. (45) suggested that HPR is derived from a polyketide pathway. Despite the presence of a gene that encodes a type II ACP homolog in the gene cluster, this possibility can now be discounted since it has been found that the dar gene cluster does not contain a gene that encodes a KAS II homolog like the PKS ketosynthases and consequently HPR biosynthesis does not require a KAS II homolog like the PKS ketosynthases. Furthermore, this gene cluster does not encode additional proteins typically found in type II PKS gene clusters, such as the chain length factor (KS Q ) (30, 34) .   FIG. 3 . TLC analysis of dialkylresorcinol production in darABC deletion constructs. The location of dialkylresorcinol is indicated by the arrow. The spot with greater mobility corresponds to the antifungal compound pyrrolnitrin. Lanes ⌬, culture extracts of P. aurantiaca containing chromosomal deletions in the genes indicated; lanes ϩ, culture extracts of trans-complemented deletion strains. darB 1 and darB 2 are two independent isolates with the same chromosomal deletion in the darB gene.
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Instead, we propose that HPR biosynthesis represents a unique offshoot of fatty acid metabolism in which mediumchain-length fatty acid-derived precursors are further modified by DarABC (Fig. 5 ). In this model, DarA catalyzes a head-tohead condensation between two ␤-ketoacyl thioester intermediates. Although both thioester intermediates may originate from medium-chain-length fatty acids that have undergone a single, chain-extending, aldol condensation (Fig. 5, step 1) catalyzed by DarBC (i.e., ␤-keto-ACP DarC adducts), it is also possible that DarA accepts ␤-keto-CoA thioester intermediates of fatty acid catabolism as substrates (step 2). Formation of the C-2OC-3 bond likely results in thioester hydrolysis of the shorter-chain precursor, followed by C-5OC-6 bond formation and subsequent dehydration to form the dioxocyclohexene intermediate (step 3). Decarboxylation at C-6 is expected to occur following thioester hydrolysis of the longer-chain precursor (step 4), and tautomerization of the decarboxylated intermediate forms the final aromatic resor- cinol moiety of HPR (step 5). This proposed pathway rationally explains the function of each protein encoded in the dar gene cluster. In addition, it is consistent with the previously observed incorporation of acetate (3, 45) , as well as the reported detection of a carboxylated DAR derivative in culture extracts of a flexirubin-producing Flexibacterium species (3) . We demonstrated the validity of the proposed pathway through incorporation of 13 C-labeled octanoic acid into HPR. Predictably, two routes for incorporation exist; there is a direct route involving the catalytic activity of DarBC, and there is an indirect route in which octanoate is first partially degraded to a 3-ketohexanoate intermediate of the ␤-oxidation pathway. Both routes of incorporation were observed and show that HPR is, in fact, derived from medium-chain-length fatty acid precursors. Furthermore, GC-MS analysis of partially purified HPR detected identical labeling patterns for other dialkylresorcinol derivatives having different alkyl chain lengths produced by P. aurantiaca (Nowak-Thompson, unpublished data), suggesting that DarB and DarA are able to tolerate chain length variation in their substrate. Although the variation in chain length in HPR analogs parallels the structural variations in the DAR moiety of the flexirubins, our labeling results contradict previous data suggesting that the flexirubin DAR moiety originates from the direct alkylation of orsellinic acid (3). The evidence suggesting that orsellinic acid is a DAR precursor is, however, indirect and does not unequivocally demonstrate incorporation into the resorcinol moiety. In contrast, the observed 13 C coupling between the C-2 of the aromatic ring and C-1Ј of the hexyl side chain can only be explained if labeled octanoic acid is incorporated intact, thereby excluding late-stage alkylation of the aromatic ring. While it could be argued that the flexirubin DAR moiety and HPR originate from two distinct bacteria that may utilize different biosynthetic routes for production of these structurally related compounds, it should be noted that both a darA homolog and a darB homolog were found linked in the genomic sequence of C. hutchinsonii, a species which tests positive for the presence of flexirubin-type pigments (43) . We believe, therefore, that the biosynthetic pathway proposed here is broadly applicable to DAR production in both the pseudomonads and the Cytophagales. It is also interesting, however, that the resorcinol moiety in an another Pseudomonas metabolite, pyoluteorin, is formed from a single polyketide chain assembled by a modular PKS, which results in a different acetate labeling pattern (Fig.  1) .
In light of the proposed role of fatty acyl thioester precursors in HPR biosynthesis, we considered two possible sources for these compounds from primary metabolism. One possible supply mechanism is by direct shunting of FAS ACPs, charged with ␤-ketoacyl intermediates, from fatty acid biosynthesis. The proposed involvement of an ACP adduct and the partial complementation of DarC by endogenous proteins in both E. coli and P. aurantiaca support this possibility; however, we believe that this is unlikely because it would require a mechanism that prevents ketoreduction of fatty acid biosynthetic intermediates having specific chain lengths, while intermediates with shorter and longer chains are easily reduced. Nevertheless, it is possible that the DarB KAS III commits mediumchain-length fatty acyl thioesters for HPR biosynthesis by providing unreduced ␤-ketoacyl-ACP for DarA in a manner analogous to prodiginine biosynthesis in Streptomyces coelicolor. Prodiginine biosynthesis proceeds by single-chain extension of dodecoyl-ACP by pathway-specific KAS II domains that provides ␤-ketomyristoyl-ACP RedN , but since RedN does not interact with FAS ketoreductases, the ␤-ketoacyl thioester avoids reduction (15) . Alternatively, fatty acid degradation can also serve as a direct source for ␤-ketoacyl thioesters for HPR biosynthesis, as exemplified by the observed incorporation of ketohexanoate derived from [1,2,3,4-13 C 4 ]octanoic acid. Despite various attempts to physiologically and genetically determine the relative contributions of fatty acid biosynthesis and fatty acid catabolism in supplying HPR precursors in either P. aurantiaca or E. coli, we were unable to identify a predominant contribution of one pathway over the other.
The importance of KAS III enzymes in both primary and secondary metabolic pathways should not be overlooked considering the ability of these enzymes to discriminate among available pathway precursors. In primary metabolism, KAS III enzymes, such as FabH of E. coli, initiate fatty acid biosynthesis by catalyzing the condensation of specific acyl-CoA primers with malonyl-ACP extenders. The substrate specificities of FabH enzymes largely determine the fatty acid profiles of microorganisms. For example, both E. coli and Streptococcus pneumoniae synthesize only straight-chain fatty acids. The corresponding FabH enzymes for these bacteria accept acetylCoA, propionyl-CoA, and, to a small extent, butyryl-CoA (but not long-or branched-chain acyl-CoA) primers, despite the apparent sequence divergence between the substrate binding pockets of the two enzymes (33) . In contrast, FabH from Staphylococcus aureus, which produces a relatively high percentage of branched-chain fatty acids, accepts acetyl-CoA and butyryl-CoA as primers, but the most preferred substrate is isobutyryl-CoA. Although the substrate specificities of the S. aureus and E. coli FabH proteins are dramatically different, amino acids within the substrate binding pockets of these enzymes are highly conserved (28) .
The amino acids that constitute the FabH substrate binding pockets in DarB and its Cytophaga homolog (Leu142, Phe157, Leu189, Leu205, and Phe89Ј) (Fig. 2B) are also substantially divergent compared to the amino acids that constitute the FabH substrate binding pockets in the E. coli enzyme (41) . The paradoxical relationship between the conserved residues within the substrate binding pockets and the substrate specificity of the FabH enzymes described above does not allow one to rationalize catalytic function on this basis alone. Nevertheless, a comparison of the DarB sequences with the Mycobacterium tuberculosis FabH sequences required for meromycolic acid (C-50 to C-56) biosynthesis provided some insight. The M. tuberculosis FabH contains a second hydrophobic channel adjacent to the active site that accommodates the bulky substrate myristoyl-CoA (46) . Access to this channel in the E. coli enzyme is sterically blocked by Phe87Ј (from the other monomer), yet this residue has been replaced by Thr and Met in M. tuberculosis FabH and DarB, respectively. In addition, other residues that sterically block the channel access in E. KAS III homologs also play important roles in secondary metabolite biosynthesis. During prodiginine and methylenomycin biosynthesis in S. coelicolor and diacetylphloroglucinol biosynthesis in Pseudomonas KAS III homologs are used to synthesize acetoacetyl starter units for subsequent condensations (10, 15, 16) . KAS III homologs also play a role in some type II PKS clusters to define or modulate starter unit selection; DpsC in daunorubicin biosynthesis, for example, serves as a fidelity factor for selection of the propionate starter unit (42) . It is not unprecedented, therefore, that HPR biosynthesis involves a KAS III homolog tailored specifically for selection of medium-chain-length fatty acid precursors.
Secondary metabolite production in Pseudomonas is controlled by complex regulatory networks. Global regulators like the LemA/GacA two-component regulatory system or sigma factors like S and 70 exert their pleiotropic effects through pathway-specific regulators that are customary features in Pseudomonas secondary metabolite biosynthetic gene clusters. phzR in phenazine biosynthetic clusters and mupR in mupirocin biosynthetic clusters encode transcriptional activators that belong to the LuxR family (13) . pltR in the pyoluteorin cluster encodes a LysR-type transcriptional activator, and pchR in the pyochelin cluster codes for an AraC-type transcriptional activator (13) . Using heterologous expression in E. coli, we demonstrated that darSR also encode regulatory proteins capable of increasing dialkylresorcinol production. The deduced proteins DarS and DarR are both members of the AraC/XylS family of transcriptional regulators; however, only DarR contains the HTH domains required for DNA binding, suggesting that there is a direct interaction of DarR with the darABC promoter region. Similarly, in the coronatine biosynthetic gene cluster of Pseudomonas syringae, corR and corP code for response regulators that both have (almost identical) receiver domains, but only CorR has an HTH DNA binding domain (13) . When darR was coexpressed in E. coli with the darABC operon, production of HPR was increased 1.7-fold. However, it was only when both darR and darS were present that production of dialkylresorcinol was maximized. The role of DarS is less obvious, however, since inclusion of darS on darABC plasmids without darR did not increase production. Given the dimeric nature of the AraC transcriptional regulators and the general requirement for an effector molecule for AraC-mediated transcription (25) , it is possible that DarR and DarS act cooperatively to induce transcription. In such a system, DarR could provide the DNA recognition domain and DarS could contribute to recognition of the effector molecule. One consequence of such a system might be to regulate dialkylresorcinol production in response to two different effector molecules, one that is recognized by the DarR-DarS complex and another that is recognized by the DarR homodimer.
Characterization of HPR biosynthesis in P. aurantiaca further demonstrated that the pseudomonads have successfully harnessed the synthetic utility of the aldol condensation within their secondary metabolic pathways, an observation that has also been borne out through characterization of the gene clusters responsible for pyoluteorin, 2,4-diacetylphloroglucinol, and coranatine biosynthesis. Whereas the structural complexity of secondary metabolites produced by the pseudomonads is rather limited compared to the structural complexity of actinomycete secondary metabolites, it nevertheless appears that by integrating aldol condensations within different biochemical contexts, the pseudomonads are exploring the molecular diversity of hybrid biosynthetic pathways. If this is a characteristic of Pseudomonas secondary metabolism, it presents a compelling argument to continue efforts to understand secondary metabolism in this genus, in the hope that we may begin to exploit the natural diversity of the aldol condensation chemistry and incorporate it into engineered pathways.
